Background: Repeat breeding directly affects reproductive efficiency in cattle due to an increase in services per conception and calving interval. This study aimed to investigate whether changes in endometrial gene expression profile are involved in repeat breeding in cows. Differential gene expression profiles of the endometrium were investigated during the mid-luteal phase of the estrous cycle between repeat breeder (RB) and non-RB cows using microarray analysis.
Background
Repeat breeder (RB) is generally defined as any cow that has failed to conceive after at least three inseminations. In both dairy and beef cattle herds, the presence of RB cows can directly lead a large economic loss for producers due to an extension of the length of the open period and frequent artificial insemination (AI) [1] . In addition to management problems such as inadequate estrus detection and AI techniques, various physiological problems of individual cows are one of major causes of repeat breeding. For example, infections of uterus, cervix and/or vagina, dysfunctions of uterus or ovary, obstructed oviducts, defective oocytes and anatomical defects of the reproductive tracts are involved in conception failure, early embryonic death and endocrine disorders of RB animals. [1] . It has been reported that embryo transfer is effective to improve the fertility of RB cows and heifers [2, 3] . On the other hand, a study of reciprocal transfers of embryos between RB and virgin heifers showed that a higher proportion of embryos transferred from RB to virgin heifers than from virgin to RB heifers survived at day 16 to 17, suggesting that the uterine environment in RB heifers is less suitable than in the virgins for supporting a successful embryo development [4] . This became more evident by transfer of identical demi-embryos to RB and virgin recipient heifers resulted less number of morphologically normal and elongated embryos in the RB heifers than in the virgin heifers at day 15 [5] . About an association between alteration of uterine environment and repeat breeding, Katagiri et al. have demonstrated that there is a close relationship between the endometrial epidermal growth factor profile and diminished fertility of RB cows [6] .
The molecular mechanisms underlying endometrial function may contribute to reproductive performance in cattle. Increasing evidence using global gene expression analysis has identified numerous differentially expressed genes and related functional pathways in bovine endometrium among highly fertile, subfertile and infertile animal strains during estrous cycle or early pregnancy [7] [8] [9] [10] . Recent studies have also investigated gene expression profiles under various conditions of the bovine endometrium during the estrous cycle and/or during early pregnancy using DNA microarray or RNA sequencing [11] [12] [13] [14] [15] [16] [17] [18] . In addition, microarray studies have revealed that heat stress and steroid hormones directly affect bovine endometrial gene expression profiles [19, 20] .
In ruminants, the endometrium shows structural and physiological differences depending on the uterine compartments. The caruncular (CAR) areas are aglandular and a limited area that forms placentomes by fusing with the fetal extraembryonic membrane [21, 22] . On the other hand, the intercaruncular (ICAR) areas contain endometrial glands that synthesize and secrete substances or factors that are essential for survival and development of the conceptus [23, 24] . A study that directly compared the gene expression profiles of CAR and ICAR during implantation in cows showed 1177 and 453 differentially expressed genes (DEG) were found for cyclic and pregnant animals, respectively [13] . In addition, it has been reported that tissues of the ipsilateral uterine horn to the ovary with the corpus luteum (CL) contain greater quantities of progesterone (P4) and are more sensitive to P4 as compared with tissues on the contralateral side [25] . Although a previous study demonstrated that a few genes show differences in expression between ipsilateral and contralateral uterine horns during the bovine estrous cycle [11] , we consider that it is important to analyze each compartment of the bovine endometrium separately in order to understand enodometrial function more comprehensively.
These previous studies suggest that alteration of the endometrial function due to changes in gene expression may contribute to their lower reproductive performance in RB cows, whereas details of the molecular mechanisms and biological pathways of their endometria still need to be elucidated. Thus, we hypothesized that there is a characteristic gene expression profile in the endometrium of the RB cows. This study aimed to investigate differences in gene expression profiles of the endometrium between RB and non-RB cows during the midluteal phase of the estrous cycle. In pregnant cattle, maternal recognition of pregnancy occurs around Day 14-15 [26] . In addition, it has been reported that the majority of early embryo losses in cattle have occurred within 16 days of gestation (i.e. during the mid-luteal phase) [27, 28] . Therefore, the basal gene expression profiles of endometrium at mid luteal phase would have the most important association with reproductive performance.
Methods

Animals and sample collection
This study was carried out using non-lactating Japanese Black cows at the institute's ranch (age: 7.8 ± 0.9 years, parity: 3.3 ± 0.8, open period from last parturition to first AI in this study: 104 ± 9.6 month). Repeat breeder cows (n = 4) were defined based on a previous study by Dochi et al. [3] . Briefly, the RB cows had three characteristics as follows: (1) detectable estrous behavior, but not always normal estrous cycles; (2) not conceiving after three or more inseminations following normal estrous behavior; and (3) healthy uterus and ovaries, as determined by transrectal palpation. Non-RB cows (n = 4) conceived within three inseminations. The non-RB cows were confirmed to be pregnant by transrectal ultrasonography (HS-1500V; Honda Electronics. Co., Aichi, Japan) at 40 days after insemination, then abortion was induced by a single intramuscular injection of 500 μg of prostaglandin F2α (cloprostenol [Dalmazin] ; Kyoritsu Seiyaku. Co., Tokyo, Japan) followed by repeated normal estrous cycles at least twice. Both RB and non-RB cows were slaughtered on Day 15 of the estrous cycle (the day of estrus was designated as Day 0) and the uterus and both ovaries together were collected. Uterine horns were identified as ipsilateral to the ovary containing the CL or contralateral. We collected CAR and ICAR in the endometrium from the middle area of each uterine horns. The uterine horns were cut opened longitudinally using scissors and CAR were carefully dissected first not to include ICAR, subsequently, ICAR areas were cut off. Collected samples were snap-frozen in liquid nitrogen and stored at −80°C until RNA extraction. Whole cross section of the uterus for immunohistochemistry were collected from the middle area of ipsilateral uterine horn of all cows and fixed in 10% formalin (v/v), embedded in paraffin wax, and then stored at 4°C until use. All procedures in animal experiments were carried out in accordance with guidelines approved by the Animal Ethics Committee of the National Institute of Agrobiological Sciences for the use of animals (permission number: H18-036).
Microarray analysis
Total RNA was extracted from each sample by acid guanidinium thiocyanate-phenol-chloroform with ISOGEN (Nippon Gene, Tokyo, Japan) according to the manufacturer's instructions. All RNA samples were then treated with TURBO DNase (TURBO DNA-free™ Kit, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions to remove contaminating genomic DNA. The quantity and quality of the total RNA samples were assessed using a NanoDrop spectrophotometer (ND-1000; NanoDrop Technology Inc., Wilmington, DE, USA) and an Experion automated electrophoresis system with an Experion RNA StdSens kit (Bio-Rad Laboratories, Hercules, CA, USA), respectively. A custom-made bovine oligonucleotide microarray with 15,000 unique genes (GPL9284) fabricated by Agilent Technologies (Santa Clara, CA, USA) was used in this study, which was performed as described previously [29] . Sixty-mer nucleotide probes for the customized microarray were synthesized on a glass slide. We performed one-color microarray analysis. cDNA synthesis, Cy3-labeled cRNA preparation, hybridization, and the washing and scanning of array slides were performed according to the Agilent one color microarray-based gene expression analysis protocol. Briefly, 400 ng of total RNA from each sample were reverse-transcribed into cDNA using the Quick Amp Labeling Kit (Agilent Technologies) with an oligo dT-based primer, and then Cy3-labelled cRNA was prepared by in vitro transcription. Labeled cRNA was purified with an RNeasy Mini Kit (Qiagen, Hilden, Germany), and the concentration and Cy3 dye incorporation (pmol Cy3/μg cRNA) were measured with a spectrophotometer. Labeled cRNA (600 ng) was fragmented and hybridized using the Gene Expression Hybridization Kit (Agilent Technologies), according to the manufacturer's instructions. The arrays were washed using a Gene Expression Wash Pack Kit (Agilent Technologies) and scanned using an Agilent Microarray Scanner. Feature Extraction ver. 9.5 was used for image analysis and data extraction. Microarray data from each sample were imported into GeneSpring 12 (Agilent Technologies) for further data characterization. The GEO accession numbers are as follows. Platform: GPL9284; samples: GSM2093338 to GSM2093369; series: GSE79367. To identify putative biological functions of DEG between RB and non-RB cows in each endometrial compartment, we performed functional annotation chart analysis of the lists of DEG using the Database for Annotation, Visualization and Integrated Discovery (DAVID; http://david.abcc.ncifcrf.gov/) based on Genebank Accession IDs [30] . Gene Ontology (GO) Biological Process was selected as the functional annotation category for the analysis with the threshold for minimum gene counts belonging to an annotation term set to 5 and an EASE score set to 0.05. The GO terms were ranked according to their P-values describing the significance of gene-term enrichment.
Quantitative real-time RT-PCR analysis
To validate the results of microarray analysis, we confirmed mRNA expression of the following representative genes using quantitative real-time RT-PCR (qPCR) analysis: (1) top two up-or down-regulated known genes in each endometrial compartment; and (2) top five upor down-regulated known genes in the whole uterus. Details of the procedures for single-strand cDNA synthesis and qPCR were previously described [31] . Briefly, 50 ng of total RNA from the same sample used for the microarray were reverse-transcribed into cDNA for 30 min at 48°C using MultiScribe TM Reverse Transcriptase (Applied Biosystems, Foster City, CA, USA) with a random primer, dNTP mixture, MgCl 2 and RNase inhibitor. After heat inactivation of the reverse transcriptase for 5 min at 95°C, PCR and resulting relative increase in reporter fluorescent dye emission were monitored in real time using an Mx3000P qPCR system (Agilent Technologies). Primers were designed using Primer Express computer software program (Applied Biosystems) or Primer3 Plus software (www.bioinformatics.nl/primer3plus/) based on the bovine sequences. The primer sequences for each gene are listed in Table 1 . Thermal-cycling conditions included an initial sample incubation at 50°C for 2 min and at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and at 60°C for 1 min. The cycle threshold value (C T ) indicate the quantity of the target gene in each sample. The relative difference in initial amount of each mRNA species (or cDNA) was determined by comparing the C T values. The standard curves for each gene were generated by serially diluting plasmids containing cDNA of each individual gene to quantify the mRNA concentrations. We confirmed the utility of the dissociation curve for detecting the SYBR Green-based objective amplicon because SYBR Green also detects double-stranded DNA including Primer dimers, contaminating DNA and PCR products 
from misannealed primers. Non-specific amplicons appear as a peak separate from the desired amplicon peak. The expression ratio of each gene to SUZ12 mRNA, which has been demonstrated to be suitable for normalization in bovine endometrial tissue [32] , was calculated to adjust for any variations in the qPCR reaction.
Immunohistochemistry
Immunohistochemistry for chromogranin A (CHGA), glutathione S-transferase A3 (GSTA3) and trypsin 2 (PRSS2) was performed in the endometrium of both RB and non-RB cows on Day 15 of the estrous cycle using the automated Ventana HX System Discovery with a DabMapKit (Roche Diagnostics, Basel, Switzerland) as described previously in detail by our laboratory [33] . Uterine cross sections 7-μm-thick were incubated at room temperature with rabbit polyclonal anti-human CHGA antibody (1.0 mg/ml, 20085, ImmunoStar Inc., Hudson, WI, USA), rabbit polyclonal anti-human GSTA3 antibody (0.5 mg/ml, orb5362, Biorbyt LLC, San Francisco, CA, USA) or rabbit polyclonal anti-bovine PRSS2 antibody (10 mg/ml, OASA07087, Aviva Systems Biology, San Diego, CA, USA) diluted 1:100 (anti-CHGA), 1:20 (anti-GSTA3) or 1:200 (anti-PRSS2) in Discovery Ab diluents (Roche) for 12 h. The signals were detected using antirabbit IgG-Biotin conjugate (Sigma) diluted 1:500 for 1 h. Negative controls were performed using normal rabbit IgG (0.5 mg/ml, 20304, Imgenex, San Diego, CA, USA) diluted at concentrations equivalent to the primary antibodies. The sections were observed with a Leica DMRE HC microscope (Leica Microsystems, Wetzlar, Germany) and a Nikon Digital Sight DS-Fi1-L2 (Nikon Instruments Co., Tokyo, Japan).
Statistical analysis
Microarray data were analyzed statistically with an unpaired Student's t-test and summarized using GeneSpring 12 (Agilent Technologies). The analysis of each uterine compartment was performed by comparing the gene datasets which composed by microarray data of four cows in each RB and non-RB group (n = 4/group). The analysis of whole uterus was performed by comparing the gene datasets which composed by microarray data of all four compartments of four cows in each RB and non-RB group (n = 16/group). The qPCR results were analyzed using a Mann-Whitney U test. Results are presented as the mean ± SEM. Statistical significance is considered to be at P < 0.05.
Results
Gene expression profiles of CAR and ICAR in ipsilateral uterine horns
A total of 405 and 397 genes were differentially expressed in CAR and ICAR of the ipsilateral uterine horn of RB cows, respectively when compared with non-RB cows (adjusted P-value <0.05, fold-change >1.0). All data of individual gene changes in CAR and ICAR are available in Additional file 1: Tables S1 and S2, respectively. Out of these, 128 genes were up-regulated and 277 genes were down-regulated in CAR, whereas 169 genes were upregulated and 228 genes were down-regulated in ICAR. The top 10 up-and down-regulated known genes in CAR are shown in Table 2 . The most pronounced up-and down-regulation of gene expression in RB cows was observed for GSTA3 (Glutathione S-transferase, alpha 3; 19.2-fold) and CPXM2 (Carboxypeptidase X (M14 family), member 2; 5.3-fold), respectively. The top five functional annotations of DEG in the CAR of ipsilateral uterine horns between RB and non-RB cows are listed in Table 3 . The GO terms involved in anatomical structure development, developmental process, cellular process, multicellular organismal development and biosynthetic process were highly enriched in up-regulated genes, whereas the GO terms involved in cellular process, cytoskeleton organization, biological adhesion, cell adhesion and cellular component organization were highly enriched in down-regulated genes. The top 10 up-and down-regulated known genes in ICAR are shown in Table 4 . The highest increase and decrease in gene expression in RB cows were observed in LPLUNC1 (Von Ebner minor salivary gland protein; 3.7-fold) and THBS4 (Thrombospondin 4; 3.4-fold), respectively. Table 5 summarizes the top five functional annotations of DEG in ICAR between RB and non-RB cows. As a result of DAVID analysis, only four GO terms related to metabolic process, cellular metabolic process, cellular biosynthetic process and chemical homeostasis were identified in upregulated genes. In down-regulated genes, the GO terms involved in metabolic process, cellular metabolic process, cellular process, primary metabolic process and protein metabolic process were highly enriched. Gene expression profiles of CAR and ICAR in contralateral uterine horns A total of 443 and 257 genes were differentially expressed in CAR and ICAR of the contralateral uterine horn of RB cows, respectively when compared with non-RB cows (adjusted P-value <0.05, fold-change >1.0). All data of individual gene changes in CAR and ICAR are available in Additional file 1: Tables S3 and S4 , respectively. Out of these, 333 genes were upregulated and 110 genes were down-regulated in CAR, whereas 121 genes were up-regulated and 136 genes were down-regulated in ICAR. The top 10 upand down-regulated known genes in CAR are shown in Table 6 . Similar to CAR of the ipsilateral side, the most pronounced up-regulated gene in RB cows was GSTA3 (Glutathione S-transferase, alpha 3; 12.7-fold).
The most down-regulated gene in RB cows was SLC39A2 (Solute carrier family 39 (zinc transporter), member 2; 2.7-fold). Table 7 shows the top five functional annotations of DEG in CAR between RB and non-RB cows. Biological functions of positive regulation of biological process, positive regulation of cellular process, organ morphogenesis, anatomical structure morphogenesis, and anatomical structure development were highly enriched in up-regulated genes, whereas biological functions of regulation of protein kinase activity, regulation of kinase activity, regulation of transferase activity and carboxylic acid metabolic process were highly enriched in down-regulated genes. Table 8 shows the top 10 up-and down-regulated known genes in ICAR. The highest increase and decrease in gene expression in RB cows were found for PIPOX (Pipecolic acid oxidase; 8.8-fold) and IFIH1 (Interferon induced with helicase C domain 1; 4.0-fold), respectively. The top five functional annotations of DEG in the ICAR of contralateral uterine horns between RB and non-RB cows are listed in Table 9 . The GOs containing genes regulating gene expression, regulation of primary metabolic process, regulation of macromolecule metabolic process, metabolic process and regulation of metabolic process were highly enriched in up-regulated genes. In down-regulated genes, the GO terms involved in primary metabolic process, transport, establishment of localization, localization and metabolic process were highly enriched.
Gene expression profiles of whole uterus
To characterize differential global gene expression profiles in the endometrium of RB and non-RB cows not only locally in each endometrial compartment but also globally in the uterus, we also performed bioinformatics analysis by combining the microarray gene data sets of four endometrial compartments in each cow as whole uterus. A total of 76 genes were found to be differentially expressed in the whole uterus of RB cows when compared with non-RB cows (adjusted P-value <0.05, fold-change >2.0). Among these, 37 genes were upregulated and 39 genes were down-regulated. All upand down-regulated known genes in the whole uterus are shown in Table 10 . The most pronounced upand down-regulated gene expression in RB cows was found for PRSS2 (Protease, serine, 2 (trypsin 2); 12.3-fold) and CHGA (Chromogranin A (parathyroid secretory protein 1); 3.9-fold), respectively.
Validation of gene expression by qPCR
We selected the top two and top five up-and downregulated known genes in each endometrial compartment and whole uterus between RB and non-RB cows, respectively to validate the changes in gene expression obtained from microarray analysis by qPCR. qPCR analysis clearly confirmed the microarray results in each endometrial compartment except for FAM83D (Fig. 1h) , SLC39A2 (Fig. 2c), PLEKHA5 (Fig. 2d) and IFIH1 (Fig. 2g) . In the whole uterus, the microarray results were confirmed except for PRF1 (Fig. 3j) .
Protein localization of CHGA, GSTA3 and PRSS2 in the endometrium of RB and non-RB cows Figure 4 shows the results of immunohistochemistry for CHGA, GSTA3 and PRSS2 in the endometrial tissues of ipsilateral uterine horns of RB and non-RB cows on Day 15 of the estrous cycle. In both RB and non-RB cows, a distinct CHGA signal was found in the uterine luminal epithelium and a part of uterine stroma under the epithelium ( Fig. 4a and c) . CHGA protein was also detected moderately in the glandular epithelium in both RB and non-RB cows and in the uterine stroma in RB cows ( Fig. 4b and d) . A positive GSTA3 signal was detected in the uterine luminal, uterine stroma and glandular epithelium in RB cows ( Fig. 4e and f) , whereas positive staining was not observed in non-RB cows ( Fig. 4g and h ). PRSS2 protein was moderately detected in the uterine luminal epithelium and glandular epithelium, and partially intense staining was observed in the uterine stroma under the epithelium in both RB and non-RB cows (Fig. 4i,j,k and l) .
Discussion
This is the first study to investigate global gene expression profiles of endometrium between RB and non-RB cows in both each endometrial compartments and the whole uterus. As we hypothesized, the microarray analysis identified a number of characteristic up-and down-regulated genes specific to each of four endometrial compartments of RB cows. The RB cows used in this study had experienced pregnancy and then became infertile. Thus, long-term infertility in the RB cows may be associated with alteration of endometrial function. Our results support that alteration of uterine environment, which may be induced by changes in the endometrial gene expression, could be a possible involvement of low fertility in the RB cattle.
Even though the endometrial gene expression profiles were regionally different in the endometrial compartments, GSTA3 was identified as the most pronounced up-regulated gene in the CAR of both ipsilateral and contralateral uterine horn. GSTA3 is a member of the class Alpha GST isoenzymes which exert a critical role in the detoxification of electrophilic decomposition products generated by reactive oxygen species (ROS) and metabolism of xenobiotics through glutathione conjugation with electrophilic compounds [34] [35] [36] [37] . Similar to our results, a recent study has demonstrated that cows with low endometrial receptivity of the embryo show a higher expression of several oxidative stressresponse genes in the endometrium compared with highly receptive cows at Day 7 of the estrous cycle [7] . Both oxidative stress and xenobiotics are directly responsible for not only an increase in embryonic mortality but also an alteration of uterine function inducing severe gynecological diseases such as endometriosis and preeclampsia [38] [39] [40] [41] [42] . We suppose that the CAR of RB cows may be accompanied by enhanced detoxification and elimination of ROS and xenobiotics. Another important contribution of GSTA3 isomerase is in the biosynthesis of steroids, especially testosterone and P4 in active steroidogenic tissues [43] . Progesterone inhibits endometrial epithelial cell proliferation, adenogenesis and uterine gland development [44, 45] . A previous study showed that RB cows had higher concentrations of P4 receptor in the endometrium than non-RB cows, implying the existence of a local hormonal imbalance in RB cows [46] . In the present study, the GSTA3 was also highly expressed in the ICAR of RB cows compared with non-RB cows. In addition, immunohistochemistry revealed that a strong signal of GSTA3 protein was detected in the uterine luminal and glandular epithelium and stroma in RB cows. GSTA3 may also be involved in ICAR functions in RB cows by mediating steroidogenesis. Gene ontology analysis using DAVID revealed that a number of biological processes and functions were different between RB and non-RB cows in both CAR and ICAR. In the CAR of RB cows, genes involved in development and morphogenesis were mainly up-regulated.
(See figure on previous page.) Fig. 3 qPCR analysis of top five up-and down-regulated known genes in whole uterus between RB and non-RB cows for validation of the gene expression changes obtained from microarray analysis. a, b, c, d, e up-regulated known genes in RB cows when compared with non-RB cows. f, g, h, i, j down-regulated known genes in RB cows when compared with non-RB cows. The expression of mRNA was normalized to the expression of SUZ12 measured in the same RNA preparation. Data are shown as the mean ± SEM. Asterisks show significant differences (P < 0.05) Fig. 4 Representative photomicrographs of protein localization of CHGA, GSTA3 and PRSS2 in endometrial tissue from RB and non-RB cows on Day 15 of estrous cycle. Protein localization of (a, b, c and d) CHGA, (e, f, g and h) GSTA3 and (i, j, k and l) PRSS2 in endometrial tissue from RB (a, b, e, f, i and j) and non-RB (c, d, g, h, k and l) cows was detected by immunohistochemistry. Seven-micrometer sections of bovine endometrial tissues of ipsilateral uterine horns on Day 15 of estrous cycle were immunostained with anti-human CHGA, anti-human GSTA3 and anti-bovine PRSS2 polyclonal antibodies. Positive staining of CHGA and PRSS2 were found in the uterine luminal epithelium, uterine stroma and glandular epithelium of both RB and non-RB cows. GSTA3 was detected in the uterine luminal, uterine stroma and glandular epithelium in RB cows, whereas positive staining was not observed in non-RB cows. No signal was detected in the negative control sections using normal rabbit IgG (inserted panels). LE, luminal epithelium; US, uterine stroma; GE, glandular epithelium. Scale bars = 50 μm These genes included 14 and 9 genes regulating embryo development and vasculature development, respectively. The CAR eventually attaches with the trophoblast to give rise to the maternal side of the placentome in pregnant animals [22, 23] . Up-regulation of the genes involved in embryo and vasculature development in the CAR may contribute to the success of implantation and following placental formation at the maternal-fetal interface. An increase in the regulation of these genes in the CAR may be one of the characteristics of the RB uterus. In the ICAR of both the ipsilateral and contralateral uterine horns, genes related to metabolic processes were predominantly enriched in both up-and down-regulated genes in RB cows compared with non-RB cows. The ICAR is a specific compartment containing the uterine glands, which synthesize and secrete various metabolites and histotroph required for estrous cyclicity or development of the conceptus [24] . Alterations of endometrial metabolic processes in RB cows may seriously affect maintenance of uterine function.
The DAVID analysis also revealed that the CAR of the ipsilateral uterine horn of RB cows is characterized by down-regulation of a number of genes associated with cytoskeleton organization, cell adhesion and cellular component organization compared with non-RB cows. Previous global gene expression studies in bovine endometrium showed that profiles of the genes assigned to these functional categories changes during estrous cycle and peri-implantation [11] [12] [13] , suggesting that these biological functions may be responsible for the regulation of uterine environment. Additionally, the endometrial cell adhesion molecules play a role in conceptus-endometrium attachment at implantation. A direct comparison of cyclic and pregnant endometrium found cell adhesion and cytoskeleton organization molecules affected by pregnancy in both CAR and ICAR [13] . Around the implantation period, the ipsilateral uterine horn is the site of first occurrence of conceptus-endometrial contact and modification of cytological character was seen exclusively on the CAR [47, 48] . Therefore, the lower expression of genes regulating cytoskeleton organization and cell adhesion in CAR of RB cows may be associated with inadequate endometrial responsiveness resulting in implantation failure.
CPXM2 was included in the top 10 down-regulated genes in both CAR and ICAR of the ipsilateral uterine horn. Previous microarray studies found no differences in CPXM2 expression in the bovine endometrium between highly fertile and poor fertile, and between highly fertile and subfertile cows at Day 14 of the estrous cycle [9] , while expression decreasing at Day 7 compared to Day 3 of estrus in cows with low embryo receptivity [7] . CPXM2 is assumed to be more sensitive to P4 or some CL factors in a poorly fertile endometrium that includes the RB. Although the specific roles of CPXM2 remain unknown, DAVID analysis has assigned it belongs to the biological process of proteolysis and cell adhesion. Thus, CPXM2 may be related to alteration of endometrial cell adhesion in RB cows, as well as to the above described cell adhesion related genes that are down-regulated in the CAR of the ipsilateral uterine horn of RB cows.
KLHL24 (Kelch-like 24) was the only gene included in the top 10 up-regulated genes in all four endometrial compartments. A member of the KLHL family including KLHL24 is known to be involved in ubiquitination [49, 50] . It has been reported that lower expression of genes associated with ubiquitination in high fertile as compared with subfertile cows [9] . Although the specific roles of KLHL24 have not yet been elucidated, an increase in oxidative stress stimulated KLHL24 expression in human fibroblast cells [51] , leading us to speculate that this gene is up-regulated to counteract cytoskeleton destruction by ROS-induced cell damage and/or to degrade proteins in cells exposed to ROS by ubiquitination reaction. Therefore, high expression of KLHL24 in RB cows compared with non-RB cows support the possibility that the endometrium of RB cows is under oxidative stress. However, it has been reported that the level of KLHL24 gene expression at Day 14 of the estrous cycle shows no significant difference among high fertile, low fertile and infertile cows [9] . The functional contribution of endometrial KLHL24 in bovine fertility remains unclear.
Analysis of the combined gene data sets of the four endometrial compartments revealed gene expression profiles of the whole uterus. PRSS2 and CHGA were the most pronounced up-and down-regulated genes, respectively. PRSS2 is a member of the trypsin family of serine proteases and degrades type I collagen directly or indirectly by activating several procollagenolytic matrix metalloproteinases (MMPs) [52, 53] . CHGA works as a pro-hormone for pancreastatin, vasostatin and catestatin [54] [55] [56] . Full-length CHGA and vasostatin act as antiangiogenic factors to inhibit two potent angiogenic factors, basic fibroblast growth factor (bFGF) and vascular endothelial growth factor, while CHGA cleaved by thrombin and catestatin promote angiogenesis by inducing the release of bFGF from vascular endothelial cells [57] . In the present study, we found that both PRSS2 and CHGA proteins were localized in the luminal and glandular epithelium and in the stroma of the endometrium. These localizations coincide with the tissue site of gelatinase activity of MMP-2 and the localization of MMPs and bFGF in the bovine endometrium [58] [59] [60] , suggesting paracrine and autocrine actions of PRSS2 and CHGA with MMPs and bFGF in the bovine endometrium. In addition, genes involved in cell death (DAPL1 and PRF1) or cell attachment (CD36, CDH1, CPXM2, KRT35 and THBS4) were also differentially expressed between RB and non-RB cows. Although further studies are needed to clarify, the endometrium of RB cows might not only be involved in the promotion of tissue remodeling and imbalance of angiogenesis but also in the degradation of cell renewal and tissue structure.
In cattle, around Day 15 of pregnancy is a stage of the beginning of conceptus elongation and maternal recognition of pregnancy [26] . A recent RNA-seq study identified numerous conceptus-expressed ligands that interact with corresponding receptors expressed on the endometrium and vice versa at Day 16 of pregnancy in cattle [61] . In the present study, some genes of endometrium expressed ligands (CCL4, CCL14, COL1A2, EDN1, F2, MMP2, THBS4 and TIMP3) and receptors (ACVR2B, BMPR2, CD4, CD36, IGF2R, IL10RB, KDR, TNFRSF25 and VLDLR) that interact with conceptus reported by Mamo et al. were differentially expressed between RB and non-RB cows. In addition, other genes encoding growth factors (FGF9 and GDF7) and cytokines (CCL8, CD14 and CD53) were down-regulated in the RB cows as compared with non-RB cows. Although the functional role of these two growth factors in bovine endometrium remains to be elucidated, FGF9 induces endometrial stromal cell proliferation [62] . Up-regulation of FGF9 and GDF7 expressions were detected in equine and/or swine pregnant endometrium and may be implicated in embryo-maternal communication at early pregnancy [63, 64] . The receptors of these growth factors were expressed in not only endometrium but also conceptus at Day 16 of pregnancy in cattle [61] . Therefore, alteration of the expression of these ligands and receptors in the RB cows may affect conceptus development and maternal recognition of pregnancy if a conceptus presents in the RB cows.
Conclusion
The results of the present study support the hypothesis that endometrial gene expression profiles are different between RB and non-RB cows. In RB cows, characteristic gene expression was identified in both the CAR and ICAR of both ipsilateral and contralateral uterine horns. The enriched GO terms of these genes were related to cell adhesion and morphogenesis in the CAR and metabolism in the ICAR. These results suggest that local regulation of molecular mechanisms in each endometrial compartment may contribute to normal uterine physiology. Therefore, the identified candidate endometrial genes and functions are likely to be involved in bovine reproductive performance. The present study could provide an information base for understanding underlying molecular pathogenesis and developing a treatment of repeat breeding in cattle from the point of view of endometrial function.
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